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ABSTRACT 


There are three major Compenemes Of tac meme 
resistance to motion of road vehicles: daére@vwinamiewawas 
rolling resistance in the form of tire frieGtton sone 
surfaces and mechanical resistance in the form of bearing 
friction. Apparatus constructed at the Naval Postaraquagwe 
school, Monterey, California employs the measurcyenime 
total drazs (aerodynamic drag + rolling Teststane maa 
mechanical drag) by means of coastdown testing and the 
measurement of rolling resistance and mechanical dracgeiaeean 
aerodynamic shielding trailer to determine the acrodyianie 
adage: 

Data acquisition and reduction is carried out with a 
portable dedicated minicomputer system. the apparataswen. 
designed to yield drag coefficients with an esting 
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Sanieceeiommnrrodwertom Of pene automobvlle there has been 
Mic ercest In impLovimen the milbeace Obtained for a given 
pmount Of muel Consumed. Reduction of cost to the consumer 
Motivated Carly engineéring efforts and continues to do so. 
emgce tie O1l crisis Of the mid-seéventies and the general 
mimes rese 1m COnsServation Of Matural resources, reduction of 
muel consumed 1S now an equally important factor. 

There are three major components of the total resis- 
manee tO motion of yehicles: aerodynamic drag, rolling 
maerstawee in the form or tire friction™”on road surfaces, 
Pmemmecianical resistance in the form of bearing friction. 
Pemauconebtule travelling at today's speed limits» expends 
pmmeut half ef the energy developed by its engine overcoming 
Pomoavynamic drag. The purpose of the present work is to 
@eyvelOp apparatus for the measurement of this aerodynamic 


drag. 


ITI. AERODYNAMICS OF ThE AUICH@ ia: 


When an airfoil or other aerodynamic shapemmen-e 
through an airmass it experiences aerodynamic forces 
created by both pressure and Shear stresses ae€tmmg so mmemee 
surface. These aerodynamic forces are usually resolved ies 
lift, the force perpendicular to the direction of ieee 
and drag, the force parallel to the directionm=oteioemens 
The automobile exXperiences a litt f0rcenereareds.) saue 
pressure on the upper Surface and hig@m préssu: cron 
lower surface. These pressure differences are vercaecame. 
the camber of the car and the fact that air must trap 
a higher velocity over the top Surface of the Carpeeemmecs 
the slower moving air travelling in a straight line along 
the underside of the car. Through Bernoulli's equatiocn@en 
can see that if the air velocities are different, then the 
pressures created by these velo@mtles must a ueeer- 


different: 
2 Z 
Ptop + pVtop /2Z = Pbhottom + po bomen mee 


Lift forces acting on a car may make the car hard to handle 
by reducing the force of the tires on the road) guge 7 am 
a negative or downward lift, a wedge-shaped frome end seam 


be employed. Also, downward projecting air dams which direct 


ae — 


Pearl Ondleain up and over the Car can be utilized to create 
mepesitive dewnward force. jRef. 1] 

The component of the drag which results from shear 
menesses is called “skin friction’: the component which 
results from pressure forces is called "form drag". Skin 
prictioMmearae 1s Crédted as a result of boundary layer for- 
mation on the surface of a body as it moves through a 
hese OUs air mass. Ihe velolerty gradient in the boundary 
layer creates a shear stress tending to resist motion, 


given by Newton's equation: 
T = F/AapdV/dyY 


An automobile also experiences pressure drag which predomi- 
fees OCVCuGmErICtion drag at lower velocities. Surface 
fescOontinuities in the fOrm of mirrors, roof-racks, 
windshield-wiper blades, and sharp corners cause the other- 
hese Smooth flow of air to separate from the surface of the 
fmematele creating pockets of turbulent air and increasing 
pressure drag which the energy supplied by the engine must 
Sercome. Anothepeeentribution to pressure drag is the low 
Peecssure reomen Dehind the car. As the air flows over the 
car, separation occurs near the aft end forming a large wake 
fee Giminishes pressure recovery. At the point of 
meeparation, ads shown in Figure 1, the pressure becomes 


constant and nearly equal to that at separation, and this 





a. DISTURBANCE OF STREAMLINES AROUND VERIGIES 


Ty MAN oe 


se Pb 


b: IDEALS PRESSUREVPR ORIRE Pa=Pb 


PRESSURE OR aio 


ed Ly 






» 


Pa Pb 


c ACTUAL PRESSURE, PROFIEG = Para: 


Figure 1. Pressure Recovery Behind eniem 
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Pee oe oes oetmtan Che pressure in tront of the car. 
Mise ad Net ep@gesstbees force OpposSingm@rOrwand motion is 
Sreatea, §!O combat this effect, many Car manufacturers 
Meewlscdne abrupt réar ends. The flow separates smoothly 
PeQecicn car storming asregion Or Only moderately low pres- 
SiGe as Opposed to a tapered rear end which produces a 
meeron Of markedly lower pressure. S{jRef. 2] 

PROmealnacdiiiscmOleOnr enoinescooling air also adds 
mrontricantly to the drag. Air is slowed abruptly when 
Messing through and cooling the radiator. Drag is further 
wimanced when the alr enters the engine area rather than 
mImieedireGcred around the outside of the car. Ventilating 
peeewaiten tlows through the passenger area can create a 
Meessure drag Similar to the drag created by flow separation 
mamemiic wGeai OL the Gar. Alr enters the front at a high 
Mm@essure and vents to the rear at a lower pressure. This 
piressure differential creates a force which opposes the 
meneet lon Of motion. 

DEammeldteacuetl stiles sot a vehicle may be characterized 
meewtne dimensionless drag coefficient Cd , defined by the 
Beataon: D = CDqA . Rearranging the equation yields (Cd 
memoeiunction Of drag force, dynamic pressure, and frontal 
avea: Cd = D/qA = Cleo oe D is the total drag 
mamee, A is the characteristic frontal area, and q is 


eiieedynamic pressure, (1/2 ae wikere 6 1S the air 


et 


density and V the vehicle veiocity. An importami@anceen 
sion is that vehicular drag varies as (the™squatoue en 
velocity and directly as the ftrontal avea ance 
COet fetemer 

As drag coefficients are difficult  :omegmenae 
theoretically for even simple aerodynamic sShapesene ome 
practical means for determining them for complex shapes emem 
as an automobile is experimentally. Automobile manufacturers 
currently publish values of drag coetfic@vents (er seme 
vehicles as verification of their claims Gf daderogd mane. 
efficiency. However, no standards Currently exist” 1nggmae 
industry by which the consumer Can Compare eee] 


coefficient of one manufacturer against another. |e aes 


2 


IIIT. EXPERIMENTAL MEASUREMENT OF DRAG 


ticme erinicitalumcasumement Of drag involves the 
measurement and isolation of the aerodynamic forces on a 
Yehicle. the solution adopted herein employs the measurement 
of total drag (aerodynamic drag + rolling resistance drag + 
mechanical drag) by means of coastdown testing and the 
Measuremenemo. TOllimme resistanee drag and mechanical drag 
in an aerodynamic shielding trailer. The rolling resistance 
amd mechanical drag measured in the trailer can then be 
muotractreca anomeric COtan drag Obtained from CoasStdown test- 
ing with the resultant being the aerodynamic drag. The 
omc CpESme@nmmeGdstdOwn testing and rolling resistance 
esting Samewnios new. Ihe use of coastdown testing for 
aerodynamic drag has been studied be several authors since 
mo27. |Ret. 4) The Motor Industry Research Association of 
Warwickshire, England has shown a shrouded rolling resis- 
mamee tradlier to beva practical means of isolating a car 
meom aerodynamic forces. The coastdown test apparatus and 
mobbing resistance trailer used in this work were designed 
mamaecOnstructed at the Naval Postgraduate School, Monterey, 


eet ftornia. 


Es 


{\¥. COASTDONNETES eG 


A. APPARATUS 

Coastdown testing has been shown to be a viable means of 
measuring the total forces acting on a vehicle on the open 
road, consisting of aerodynamic drag, rolling frictivoneaaees 
and mechanical drag. <A fifth wheel apparatus ( Figure =2 jee 
used to measure velocity and an accelerometer mounteaaeas 
the vehicle is used to meaSure acceleration. Knowing the 
weight of the car (tare + fuel + cargo) and the acceleration 
and using Newton's Second Law, F = ma | the tetaledmas 
experienced by the vehicle can be computed.) Ham. 
Packard 3421A Data Acquisition/Control Unit { Figure ys) 
an HP-41CV Programmable Calculator (Figure 4) were used £67 
the data acquisition and reduction. 

The fifth wheel apparatus consists of a 20-incheeMe 
bicycle wheel and fork mounted on a shop fabricated 
aluminum frame. A spring-loaded and damped strut is used 
to hold the tire on the road and to act as a shock abso ries 
This frame and wheel assembly is bolted to a commercially 
obtained suction disk which is used sto attach ttenecmeme 
assembly to the side of the test vehicle. This Seema 
unsecure mount has withstood testing on a Porsche travelling 
at 180 mph: [Ref. 5] On vehicles not havine a Sstmeapa 


surface for suction disk mounting, the suction diskeanee. 
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Figure 3. HP-3421A Data Acquisition/Control Unit 
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Figure 4. HP-41CV Alphanumeric Programmable Calculator 
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removed and the entire apparatus attached to a rear bumper 
loumemoungeeseoudsows tie HP-342]A Data Acquisition Unit 
receives its speed information from impulses produced by an 
Ont. Cd eV iheelmertiateteds DY a toothed Stainless steel ring 
Siat anemmnGaciuGenecemtrice wath the axis of the fifth 
Minee! Mew@tentem) Ihe acquisition unit measures frequencies 
Pon) 0 Wegevmeedtea Yreos@elution of 1Hz by counting the number of 
impulsés per second being generated by the optical switch. 
PEC QuCto ae mc Olverted inte. velocity in miles per hour or 
mect per Seceomamuuth themay-41CVeecalculator which is 
imtecramecasimto the data acquisition system. 

i Sto woret|- S550 eacceberometer (Figure 6) fastened 
to a universal tripod head with leveling bubbles and a 
cet 1Ojieetok waommeonventenec Of Window mounting is used to 
Pocalieteec lChatlonuedata. —§ ihe accelerometer 1S powered by 
Peco ceammeml-evolt Source in Conjunction with a plug-in 
Senile Cmrenmeemencmetcarcete lighter to make use of the 
ae OnOMmeem cence l yam lic accelerometer 15 calibrated so one G 
wdc Came naelomeemmaecelerTation produces a one volt output. 
test awn ei MemmrCeCCtyeCou ts acceleration information in 
mers OumG so produced. 

The heart of the data acquisition and reduction system 
Pe lcmie leer aewaneamimeerrace Loop {Figure 7) consisting 


oa: 


/ 





Figure 5: Opticalmewaten 
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Figure 6. Accelerometer and Interface Unit 
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Figure 7. Data Acquisition and Reduction System 
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1. HP-342Z1A Data AcquiSiltlony7 Comeno mee aee: 
Z. HP +621 60Asn Poi lodimeie 
5. dP-S2ie2k Therma) Pigemeen 
4. HP-8ZIOlA Digital Gassett emma. 
>». HP-41CV Alphanumeric Programmable Galeulaaem 
Gon Cadman : 
a. HP-44468A Data Acquisition/Control ROM PAC 
b. HP-82182A Time Modute 
Ge. HP 24 ie Ciel 
With the instrumentation mounted on a vehicle, the acquisi- 
tion unit can receive inputs of frequency frompiiemep cies 
Switch and voltage from the accelerometer. Coastdown testing 
1s accomplished by allowing a vehicle to decelerate, out of 
gear, on a Straight, level road from an interval Sieea oa 
65-70 miles per hour. A program within calculator memory 
1s activated which automatically acquires simultaneous speed 
and deceleration data. Data is taken at each 5S or 10 miles 
per hour speed decrement, optionally, from an siiieeceees ee 
taken at 60 miles per hour to a zero speed indicadurem Sime 
readings are stored in calculator memory ana prineecam iu 
taneously on a line printer. When the tesG@iswecone. ema 
printout of total drag and velocity in mivesspeaei aa 
generated for each speed. A curve-fitting aleorttaimeecom 
the HP-41CV Math PAC is then used to produce a power semi. 


expression for the curve of drag versus peedw 
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B. COASTDOWN TEST SOFTWARE 

Software for the coastdown apparatus, as well as the 
Tete mEe st moc cCdUTCHmmnwiimerem in HP-41CV programming 
faneuace and Can be Stored on Magnetic cards or in cal- 
aikacor memory. Ihe program ana the data which it collects 
and generates can be stored within the calculator without 
the use of peripheral storage devices. The reader is 
Metenhed to the Hewlett-Packard texts in the Bibliography 
PoneIni@imation Gemcerming HP-41CV operation. The calculator 
smould be sized to 7/0 to allow the proper allocation of 
meeisters tor data storage. It is also recommended that all 
other programs be purged from calculator memory prior to 
Foading the four software programs contained in the entire 
Seawesprocediire. Figuye ss ois a flow diagram for the coast- 
fem test Sequence; am@iisting of the actual program steps 
mom Complete program description, sample data output, and 


mist of storage registers used can be found in the Appendix. 


C. INSTALLATION OF INSTRUMENTATION 
NOt wwe wWdstewwormine knowledge of the HP-41CV calcula- 
Memes assumed; the reader is directed to the Bibliography 
meqecdetailed intOrmation concerning the basic operation. 
Sot tie sOmeloOUlLcmIe Eillemeaguipmenc mecessary to 
Mieain and record coastdown data are the fifth wheel, the 
Semeeacquisition unit, the HP-41CV calculator, thermal 


printer, power pack, accelerometer, and accelerometer/ tow 
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Figure 9. Apparatus Wiring Diagram 
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bar interface unit. These pieces ealene with auee mms 
force transducer are also the Equipment necessdry slomon mem 
and record data from the shrouded trailer test) pyoe@ecuaem 
to be discussed below. 

Set-up begins with HP-IL interface loop. This eGomsamame 
of the HP-41CV, the data acquisition unit, the HP-1DL mocusme 
with wires attached, and the thermal printer. (See Ficiieues 
Be sure that the calculator and peripheral devices are turned 
off before connecting or disconnecting the HP-IL modulewage 
cable connectors. If this is not done the) ¢aleulaego wena eee 
damaged and/or the system may not interface properly. The 
HP-IL module plugs into any of the calculatons) ports eae 
must push in the module, with switch face DOWN, uncrieee 
Snaps into place. The peripheral devices in the intertfage 
loop may be connected in any order as long as a continuous 
loop is formed. The Connectors adresdesaened tomencnmme 
proper orientation. The final loop Consists yor fee 
module to printer, printer to acquisition unit, and aca@uieam 
tion unit to HP-IL module. Note that the printer func 
Switch on the HP-IL module mus©) bemseeRroww) 2 ere. 
communication circuit has now been formed in which data or 
instructions are transferred frOm one deviicento. tiem ies 
around the loop. This forms thew heart” Jometieondaee 
acquisition and processing system. Ihe three Dlachweons 


nectors on the rear panel Of the acquisition ie eae 


Soumectea towente external transducers used to generate the 
BiGeemiOnicomo: iNpuec mecessdry. They are connected to 
eremmels 5, 4, and 5S Of the acquisition unit and are so 
labelled. 

tiemecaenheon modem Eroure 10) 1S a Plexiglas case con- 
merino le=-vOlt battery and two small 1.5 volt batteries. 
The large battery is used for the accelerometer/tow bar 
boi d ce roe eeance ties Volt batteries power the optical 
ot Ch SOpmieiomiet tie wheel sw Om taesthont of the Plexiglas 
case are two large male and female connectors separated by 
a small toggle switch. Above the female connector are two 
small jacks, one red and one black. The male plug on the 
left is to be attached to the grey cable from the accelero- 
meter readout unit labelled 12-V SOURCE. The female 
receptable on the right is to be attached to the grey 
eable ftromecnvewoptical Switch on the fifth wheel. The two 
Paoll receptacles are to be connected to the channel 3 
Mmuamsaucer Cable from the rear of the acquisition unit. 
(ies connector provides the acquisition unit with frequency 
marca trom the optical switch when the toggle switch is in 
the UP (ON) position. (Leave the toggle switch in the down 
position when not in use to prevent the two 1.5 volt 
tetteries from discharging.) 

hreweaptles labelled CHAN 5 OUPUT at the rear of the 
Mmireet trace unit Connects to the channel 5 wire on the rear 


muemive acquisition unit. At the end of the cable is a 


Zo 


Page Gc eaadies 





Bat tery seer 
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MrtGkmoncmneadwcOnMeetor, be Sure that the black connector 
matches with the ground side of the connector on the wire 
aonmeewerom tives back ©f the acquisition unit. The grey 
Sap lestrom ene accelerometer unit, labelled ACCELEROMETER 
WIP pwcmtenmeswrce the accelerometer; the cable £rom the 
feee lorem meumieem labelled 12-Y SOURCE, plugs into the 
mat eeommene tet womutwesvehicle to be tested. This com- 
plete smumemappatatuoeiOOKUp;, Channel 4 wire on the rear of 
the acquisition unit and the leads labelled TOW BAR INPUT 
iit moO ei wOnmeneomIinteriacesyunit are not used during 
muenwcOaStdOwnpmogedire-—) (see Figure 11.) Arrangement 
meeiin the vehicle iS varbDitrary;, however, an arrangement 
Similar to that shown in Figure 12 has been found to be 


successful. 


Meee LEST PROCEDURE 

MOestd@Whetesting With the fifth wheel is carried out on 
eueeng, Straight, level segment of road several miles in 
Memgeh. An accurate tare weight of the test vehicle is 
Mecesoary. This weight should include all standard items; 
One should ensure that the amount of fuel in the tank during 
road test is generally the same as during tare weigh-in. 
The total weight of personnel, cargo, and test equipment to 
be Carried in the vehicle during test must also be known 
meeurately. Prior to the coastdown test, the following 


information should be recorded: 


a 


Battery Pack 


Input q 


C) output to Ch5 


C) output to Ch4 
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Figure ll. Rear of Accelerometer/Tow Bar 
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Figure 12; 


d-dh ben a | 


bibbdn ht han 


be 


HA 
3 
i) 
I, 
7 
3 


E mbeaas 





Typical System Arrangement 


ee, 


iD) ie perre 


a. 


Cc. 


Year, make, modele@ 

Presence of any external protubéranees see 
mirrors; racks, ctee 

Tires-type (radial, polly, et@.) tty etgnes. une 
estimation of Condi Girone 

Odometer reading. 


Transmission type. 


2) Weather 


Temperature, barometric pressWre je iid oe 


Testing should be carried Out) Gn mer iano 


and steady windeconditroenc. 


3) Road 


a. 


Oe 


ec 
In addition 
Or Gre sand 


a data base 


Type - asphalt, Cement .eouer 

An eStimation of condition, 1.€]3smecnl 
Surface, rough surface, wetue ary. ue 

A statement of straightness and level. 

to the above written documentation, photograpns 
road conditions may be helpful in establisiigae 


from which to reference Tuturestc ae 


Installation of the wheel on the vehvele =ieuie 


accomplished immediately prior to testing Geog 


recommended that the fifth wheel be attached during tragee 


to and from the test site. The recommended test seo 


consists of a minimum of two individuals - @ driveweaaee 


cqmipnent Opemavor., Although it 1s possible that, once 
Piomougiily =taniiekary wien the Equipment, a2 single individual 
can drive and operate the equipment simultaneously, it is 
not recommended because of safety considerations. 

foOmseraci@eiewotiemron disk to the side of the vehicle, 
miaee it Om the Surtace with the least curvature on the left 
hear of the body. {See Figure 2.) Ensure that the disk 
Mres tlat and that the edges of the disk form an effective 
Seal with the vehicle body. Tension placed on the wheel by 
MeemstOeck-sStrut Can be adjusted by rotating the disk clock- 
ee while holdinesthe wheel-in place. This 1s most easily 
accomplished by two people. Once the desired tension is 
Obtained, begin pumping the gold plunger on the suction disk 
momen sure to mold the disk flush with the car body. When 
the red ring painted around the plunger disappears from 
view, a proper vacuum has been created and the disk is 
meeurely fastened to the body. On vehicles with no avail- 
mole Space fOr the suction disk mount, the strut and/or 
disk can be removed and the fifth wheel mounted on the rear 
mmiper Oreste Car with bungee cords: The grey cable from 
the optical switch can be threaded through the left rear 
window of the vehicle and connected to the battery box as 
@escribed above. 

iMiemaccelenOnesemets alseoma suction mounted device. It 
Can be mounted anywhere in the vehicle where a flat, non- 


Memeus Surtace can be found, such as a window. 


Sail 


_ 
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(See Ficuvews he universal fixture which ~econmee maa 
accelerometer to the suction base allows greaeyt Pesos 
in mounting the accelerometer; the bubble levels are 
provided for leveling and their use is described below. 

To initialize the system, first ensure that the 
Cigarette lighter connection 1s s@c¢ure. Plae@ee thea aes 
Switch (ON/OFF CHARGE) on the front panel of the accelero- 
meter interface unit in the ON(UP) position] il@npeee 
should appear on the LED meter. This activates the optim 
Switch. At this point it 1S recommended that the Giammeuume 
and 5 wires on the acquisition unit be disconnected sings 
System initialization 1s completed. Wath the calles 
turned OFF and the thermal printer turned ON , prescuea. 
power switch on the front of the acquisition unit intow@eme 
ON position. The HP-3421A now performs a Seriesmen soma. 
internal tests; if any of them fails, “an™error Sieteaue 
in the form of a T will appear in the lower risht coumemaae 
the liquid crystal display above the word error) esses 
there will be an audible “click" from ~insidevot erie 
acquisition unit and all of the mumbers omm@the argu 
crystal display will light up for about one sesondae. 
failure detected by any of these self-tests will be imndmeameg 
by one or more numbers re-lighting in the display indie@aiaaae 
which test(s) failed. After the self-test, the “Gluck Same 
be heard again; if no error indication is seen in) tie wtowen 


right corner of the liquid crystal panel, then aQhes = ie 


i ionmimiommnene rly. (ine wreader 1s directed to the 
fuer tedata acqursition/control Unit Operating, programming, 
iGeeeoneromratlon manual for erer indications.) The 
Sranmeclomsnand Sewires on the rear of the acquisition unit 
Proud newebe reconnected. 
Pee iele ON REMOTE OPERATION: Both the thermal printer and 
recqursitlommunit shoulda be connected to an AC power source 
when not in use. When both are fully charged, the acquisi- 
tion unit should provide a minimum operating time of 12 
Petnomaira tne printer should Sustain portable printing for 
Hmwwetess000 Lines, The portable battery pack can be 
wemeted Dy econnieerim the Cigarette lishter plug to a 12 volt 
source, connecting the large 5 pin connector from the rear 
feemune accelerometer read-out unit to the battery pack, and 
mbacing the toggle (ON/OFF CHARGE) on the front of the 
miter iace Unit Gm the DOWN(OFF-CHARGE) position. If all 
Mmemunits are kept properly charged, trouble free operation 
temlee the result. 

Mount the accelerometer on the passenger side window 
by pressing the rubber suction mount flush against the glass 
fapeerOotdtine the leéyer on the mount to create a vacuum. 
Once the accelerometer is firmly mounted, the apparatus 
[mio Manipulated om its universal fittings until the 
mbpie level mounted parallel to the accelerometer unit 
gndicates level. At this time the little arrow on the 


meeclecrometer unit should point DOWN. 


oS 


Calibration of the accelerometer 1s accomplisned@ ican 
the accelerometer interface unit, the HP-40¢V caleuhagae 
and the data acquisition/control ROM PAG [Wes x@@ray a 
toggle switch should be in the ACCEL(UP)= pos titer) seen 
the little arrow on the accelerometer unit pointing DOW hee 
the bubble reading level, the accelerometer will be ye aise 
rated to read 1.0 G. At this time execute the ROM From 


Panel routine on tne HP-41CV by executing "FP" 5 lien 


display will show “initialize--"' followed by "**HP34270;=gs 
atid tiveney = aeter ae ". The system iS now initialized anduame 
calculator is in user mode. Press the letter’ es Sbuecar 


on the calculator and the HP-41CV will réspond with Jam 
followed by “CHANNED 
NOTE: The FP routine will periodically pauSe momentarviye: 
This is because the HP-41CV can only acknowledge Key G@illesiiaes 
while it 1s paused. Consequently, if you press “a= tuncise 
key while the FP routine is running, there is a vers eae 
chance that the HP-41CV might not catch 1t7990f thiemoeene 
Simply press the function key again and hold it down until 
the HiR=4 1CV wespondseeelReia aed 

Calibration of the accelerometer interrace sume 
channel 5 is desired, so respond with “5 and thenmeome. 
"R/S". Channel 5 will close in the aequisitponeiieee ee 
accelerometer voltage readings will be Continuous ) lai 


played on the HP-41CV. With a small jeweler's S€réwdriyeue 


Cmimetomiceelomonmeter ‘“full~scale adjust'' potentiometer on 
aie NOmmeanc waeecleroameter Interface unit until 1.000 
Pemeniecessitomilclcane digits after the decimal point is seen 
Snecie Galculator. 

The LED display on the accelerometer interface unit will 
Beidmweounmitarive= out do) mot usSé™= this for calibration as -the 
iaeore sicemone accurate. the LED meter will be used only 
hon neterence durimg the test procedures. Now, rotate the 
Paecloreonlerenheimilt wmtill the bubole perpendicular to it is 
level and the little arrow is pointing in a fore and aft 
direction. With the jeweler's screwdriver, turn the acceler- 
eMeter Zero adjust’ potentiometer on the face of the accel- 
Erometer interztace unit until 0.000 is read on the HP-41CV. 
Check both of these adjustments once more; the accelerometer 
unit 1S now calibrated and ready for use. Leave the accel- 
Emometer in the horizontal position; any fore and aft accel- 
eration or deceleration of the vehicle during the test will 
be read as a plus or minus voltage reading on the interface 
unit and recorded, as appropriate, on the printout. Press 
mime wk/S' Dutton on the HP-41CV to halt the procedure and 
Micm clear the calculator display of any remaining readouts. 

LOVeeenceIMNsthumentation 15s ready for coastdown testing. 
Activate the coastdown program within the HP-41CV by execut- 
ee Cleese HP-41CV will prompt with "5S or 10 miles per 


Meme inc?” An entry of 5 will mandate that data points be, 


aD 


taken every 5 miles per hour descending from OO Miia ws 
nour and an entry of 10 will set 10 miles per hour ineremermees 
After each prompt and entry, press the ‘R/S )buGtomeueeeeoe 
car tare in pounds, cargo weight in pounts, air temperacune 
in degrees fahrenheit, and barometric pressure in inches 
mercury. DO NOT PRESS "R/S" AFTER THE BAROMETRIG =P ui 
The program is now initialized and depression of the "R/S" 
will activate the speed search. Accelerate the vehie lemme 
to a speed greater than 60 miles per hour, depress the "R/S" 
button on the calculator, place the car in weutuaiand 
allow it to coast to a slow speed (less than 5 milesmpem 
hour) or to a stop. The first printout should beseeew 
Within 5-7 seconds after the vehicle's speed descends |Ghmemiag 
60 miles per hour. An occasional glance at the accelerometers 
interface unit should verify that a deceleration is being 
Sensed. The calculator will access and print a frequene: 
and voltage every 5 or 10 miles per hour decrement donnie 
zero. The calculator will then perform computations and 
printout a list of measured velocities in miles )pereioms 
and drag in pounds for each data point taken during the 
coastdown. 

Next, uSing total drag as the Y values and velociia a 
miles per hour as the X values, enter, the "PON" 9Subiomiiemee 
of the HP-41CV "LIN" program and calculate tiescen> tain. 


"a'’ and "'b'' which the "POW" program Computes= a) mee 


Biot oweCOumesponld tO a Curve Of velocity versus drag in 
nee tt 

the form of Y = "a" xX e  )hecomemene Constants, as they 

nmi Dewmecded ime thesia aledatasreduction program to 


@etermine aeredyMamiG @dras Coerttmeients. 


V. ROLLING RESTSIACE Teo pate 


A. APPARATUS 

The second part of the aerodymamic tes cimmeeese 
described above, is the measurement of rollans pesmoeee 
drag and mechanical drag in a shrouded rolling resis eames 
trailer. (See Figure 13.) The purpose Giwtiees moma 
trailer is the isolation of the vehicle from aerodynamic 
forces. The vehicle is towed by means of a tow Bar wii 
the trailer and the trailer 1S, in turn, §tewedepensnd 
another vehicle. Rubber skirting which encircles the entime 
trailer seals the vehicle inside» from anyway £e;geee 
tow bar within the trailer is instrumented with calibrated 
strain gauges in Order to measure towing foree dinceumes 
(See Figure 14.) This force is due only tomrolliivaaaae 
mechanical friction since aerodynamic forces iavome em 
eliminated. The instrumentation used to measure and veces 
this force is the same as that used for the coastdown test- 
ing, with two changes: appropriate operational software has 
been provided and channel 4 of the data acquisition sii 
used to acquire the voltage representing the )t0w ioe ensee 
from the strain gauges mounted on the interiors ro eee 
apparatus. As in coastdown testing, the fifth wheel is used 


to measure the speed and the accelerometer iS mMOUntCCG iia 


towed vehicle to measure any accelération/ decelemaanen 


es 
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which may occur. With the empty weight Of Che =vemme ome 
weight of cargo known, the rolling drag can be calculated 
uSing Newton's Second Law, by multiplying the mass by the 
acceleration and adding to it the force experienced by the 


two bauwe 


He ea > D 


D : : : . 
Rol Tiere det 1 Om Towing Fores 


In the process of making measurements, the trailer and 
vehicle are towed in a straight line at varying speeds and 
the Hewlett-Packard acquisition System acquires and recone 
the necessary data: Speed in térmS Of f@pequemc ee aeec moms 
tion in terms of voltage, and towings foree in terms of 
voltage. When the acquisition unit detects a speed of zero 
it halts data acquisition and begins data reduction eee 
manner Similar to the coastdown test printout, the data 
processing system prints out a value of rolliigedia ae 
velocity in miles per hour for each data point sacqumaed. 

One then enters the ‘POW subroutine of the HP Uli arocmag 
uSing rolling drag as the “Y" values and Veloei)) Simei 
per hour as the "X" values and obtains) themeom ents 

and "'b'' generated by the program which will yield a velocity 
versus drag curve in the form Y = aD for use in #inai dame 


reaquc ton. 
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Beer OLLING ResiStives SOFTWARE 

As with the coastdown test software, software for the 
rolling resistance measurements is written in HP-41C/CY 
preoorannime languagewama can be Stored on magnetic cards 
ein calculator memory. Ihe HP-41l calculator should be 
peezed tom70 to allow Site: proper allocation of registers 
memedata Ste@race. Wericure 15 is the flow diagram for the 
mommines reSism@ance test Sequence; a Listing of the actual 
mueerdm Stepsewith complete program description, sample data 
output, and storage registers utilized can be found in the 


Appendix. 


C.@ INSTALLATION OF INSTRUMENTATION 
MicminceCineoniudttOnmuscdmror tne rolling resistance 
determination is the same as that used for coastdown testing 

with the addition of means for measuring the towing force. 
As shown in Figure 14, towing force is measured directly 
Mmmough the use of an instrumented tow bar attached to a 
towing adapter mounted on the vehicle. The strain gauges 
are wired to a bridge within the accelerometer/strain gauge 
Mech race Unit and the bridge is powered by the same battery 
meen USe€d in COaStdown testing and hooked-up similarly. 
MSmannel 4 of the acquisition unit reads output voltage from 
tie Dridge. The instrumented tow bar has four pairs of 
Strain gauges mounted as shown schematically in Figure 16. 


Petain gauge palrs One and three are designed to cancel, 
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INPUT CAR te =e 


INPUT CARGO WGT 


INPU 7 Ae Iv oe 


INPUT BARO PRESS 
inches HY 
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STORE DATA 


SOUND Geng 
PRINT TIME 
DATE 
CAR TARE 
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AIR TEMP 
BAR Orr bes 













' DATASE Nim 
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Figure 15. Rolling Resitstanées lcs wee. Diagram ( Bood) 
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meme 16- Schematic of Tow Bar Strain Gauge Installation 
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any bending in tne horizontal diréction. These tywow jaws 

also provide Poisson ratio and temperature compensation. 
Details of the strain gauge characteristics Can be 1 ome 
the Appendix. Once power 1s applied to the bridge, UsSimomeee 
ON/OFF-CHARGE switch on the aceeterome tersien cae eee 
interface unit, the potentiometer on the front of the .iigeme 
face unit may be uSed to zero the HP-4/Cy @eageuteane 

balance the bridge. When a tensile (fomeceiedicocms:, 

towing a vehicle, 1S applied to the inStrumented tow Dame 

the resistances in the gauges change and the bridge ouggim 


is driven by the following Gornuks 


_ ae ee 7 2A + 2B 
Eo - — [Gaeds + 4a + op) “9A + 23 eescececnem 
Since the strain gauges are self-temperature-compensated, 


correction for apparent Strain 1S Ummeces>ai 2 


Dy  ROLDING RESTSPANCE TRAE 

The shrouded rolling resistance trailer is equipped iaeE 
a "doughnut" trailer coupler rathér than the more seem as 
tional spherical ball cover and therefore must be attached 
to a towing vehicle equipped with a tow hook. The design 
height of the doughnut is eighteen inches and care should 
be taken to ensure that the height O@Mthe tow ena eee 
compatible. Once the trailer has been attached @Gomene 


towing vehicle and safety chains attached, the rearydoor-: 
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of the trailer may be opened and the test vehicle pushed 
Mie mumihieche front Of the vehicle 15 within four or 

five feet of the instrumented tow bar. The adjustable tow 
Daneicoetiien attached te the bumper and frame of the test 
vehicle and the vehicle pushed in further until attachment 
Bt the adjustable tow bar to the instrumented tow bar can be 
mecomplishied.) sa ener lieminsttumented tow bar can be 
Say USteGiiien EhouicmonMe Ofeche test vehicle bumper by 
imsertinig@mpmewattacimememoOltseae thie proper level. Care 
ElOould DecmmesecimeOrdtutach the tow bar's Safety chains to the 
eye hooks on the front inside of the trailer. 

DINGS tT rumMentationestonr the rolling résistance 
fest 1S the woamenas that emolovyed for the coastdown test, 
installation of the instrumentation is essentially the same 
except that the cables from the apparatus in Figure 9 must 
mow be attached to the interface panel on the trailer front 
(Figure 18) and the two data gathering devices attached to 
Macey interface panel from inside the trailer. After placing 
the apparatus in Figure 9 (except the accelerometer) in the 
maomt Seat Of the towing vehicle, follow the general 
Peocedure for interface loop hook-up in Section JV.C. of 
this manual. The two cables on the lower rear of the 
accelerometer/strain guage interface unit (ACCELEROMETER 
mel and TOW BAR INPUT) and the connector labelled OPTICAL 
memch on the battery pack must: be connected, by means of 


long jumper cables, to the similarly marked connectors on 
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geil: 





Figure 17. Tow Bar Attachments 
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the interface panel. The connector labelled tari. 
is hard-wired to the combination running, Stop, eancueeeen 
Signal lamps on the rear of the trailer. The wiresmia a. 
this connector must be attached to tail light wires omeame 
towing vehicle. 

The accelerometer may be placed on any convenient 
smooth surface in the test vehicle, preferably a window. 
The cable should be attached, by means of a jumper, to the 
appropriate connector on the rear Of the intepracemeance im 
The fifth wheel should be fastened to the aluminum panel on 
the left side of the trailer (refer to Secu meme seo 
instructions) and connected, by means "cf vasjumge 1 eeeeen ome 
appropriate jack on the rear of the interface panel. Ine 
instrumentation on thé tow bar is hard-wired sto tiem: cammem 
the interface panel. Once these connections widayeure em 
accomplished, the apparatus is ready for initialization@ange 


Operation. 


E. “SYSTEM INITIALIZATION AND PROGE RUM: 

Begin by enSuring that the cigarette lishter connme@umem 
1s secure. With the calculator turned Off, the Chanm 
3, 4, and 5 wires disconnected, and the thermal @pyiiieen 
turned on, depress the power switch on the front of the 
acquisition unit into the ON position. At this @pomaee 
refer to Section IV.D. for notes on @rror indication age 


remote operation. If no error indications aré seen amet 
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re 


lower tlemt-hanca cormer of the liquid crystal panel, then 
all systems are functioning properly. Reconnect the 
enannelms, 4, and 5 wires on the rear of the acquisition 
Tite! bec theme lr eGtARGE weocemle switch on the inter- 
meee Unlctwn the ON CUP) position. Red numbers should 
wotmmonecne LEwereadoue. FOr accelerometer calibration, 
place the toggle switch labelled ACCEL/TOW in the ACCEL (UP) 
PesmmronmwG@alibration of the acceler@meter isaccomplished 
Mieene Same manner as described in~Section IV.D. 

Rexteplace the tegele switch Wabelled ACCEL/TOW in the 
meow (DOWN) = position. The LED and HP-41CV will now read 
Segiec trom the instrumented tow bar. The user will 
normally be in the Front Panel routine on the HP-41CV from 
pee i10Mme Calibration of the accelerometer. If this is the 
micewmadepress the TAN” button on the calculator and the 
iewey will respond with “XEQ@°J” and then “'------=-- sae 
M@erethe Front Panel routine was inadvertently exited, simply 
peeetite "FP" again; the system will reinitialize and 
a >"> " will appear.) Depress the "A'' button and the 
Siecle y will respond with "DCV™ followed by "'channel?" 
Mrlibbacten Of the tow bar on channel 4 is desired, so 
mespond with "4"° and then press "R/S". Channel 4 will close 
moecne acquisition unit and then tow bar voltage readings 
will be continuously displaed on the HP-41CV. With a small 
jeweler's screwdriver, turn the tow bar "zero adjust" 


potentiometer on the face of the readout unit until a 
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positive number is seen on the Calculator, prercerauees 
less than 0.100. Remember this number as it will be 
inserted into the rolling resistance program £Gpeticmee, 
tare (tow zero). The tow bar "“full-scale@aq i= aioe 
sensitivity only and should not be used for zeroing. 
Finally, place the toggle switch labelled OP Ri. teats 
on the battery pack in the ON (UP) position. 

Rolling resiStance testing is accomplished on the woo. 
long, straight, level segment of road that was used {orem 


coastdown testing, preferably immediately after the coastdown 


S; 
test. This ensures that all the ambient intormatues 
recorded prior to coastdown testing remains constant {om 
the rolling resistance test. At tChvstivinemnevwere ae: 1 
information specified in Section IV.D. and ensure (tiie 
is still applicable. Unless the two tests are rune. 
currently under similar weather and road conditions, the 
results obtained may be meaningless. (Note: 58 peundsS teams 
weight of the adjustable tow bar, should be added to the 
vehicle weight.) 

Once the apparatus hook-up is completeemthic Sins awe 
mentation is ready for rolling résisStanCe seest tncpeeee 
towing vehicle with trailer attached should be at the 
Starting point of the test run prior to tne wioiie aaa 
procedures. Activate the rolling resistance program Wwitmie 
the HP-41CV by executing "BOX". The program Wiis aie 


the user for car weight, tow taré, Careo) women Gre 
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temperature, and barometric pressure. Input the prompted 
aioe oOmessimontnCs m/o  Outtemsatter each entry. DO 
MOG week eoo lithe R/S BUITON AFIER THE BAROMETRIC PRESSURE 
Pn eine = prOlrdmers mow initialrzed and depression of 
gies R/S button will activate the data search. 

Unlike in coastdown testing, no maximum speed is 
Mmeeessary im rolling resistance testing and no coastdown 
Mmeeded. Prior tO activating the program by final depression 
Sethe "R/S" button, begin a slow acceleration. This is 
mecessary because once the data search is activated, the 
program will record speed, acceleration, and tow force ONLY 
Beeieopeeas greater than zero. Once a speed of Zero is 
Meweeted, the data search ends and data reduction begins. 
meee DGOSram activation, accelerate to a speed convenient 
jo the length of the test bed keeping safety and stopping 
Sestanee in mind. No maximum Speed 15 necessary; the 
peeeram wil] access and record speed, acceleration, and tow 
meee in Groups Of three repeatedly until a speed of zero 
mepceteccted. the user should plan ahead and allow a 
distance for deceleration to a smooth stop. The idea is to 
obtain as many data points as possible in a wide speed 
mamee OVer the allotted testing distance; this will result 
itera smooth curve fit. 

Once a speed of zero is detected, the program will halt 
data acquisition mumpecim cata reduction. ihe calculator 


meee perform computations and print out a list of measured 
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velocities in miles per hour and drae in pounds ome 
trio of data points obtained during the roliimo ests camee 
test. (See Samples in Appendiea 

Using the rolling drag as Y values andwtiema-ocume 
as the X values, enter the "POW" subroutine of the HP-41CV 
"LIN" program and calculate the constants "a "Sanqeme 
which the "POW" program computes ™ inhese constant smeems. 
respond to a curve of velocity verstis dram (ieee 
Y = a . Record these constants, as they will be needew 
in the final data reduction program to determine aerodymanuses 


drags coeffi Gremts. 


De 


VI. DETERMINATION OF AERODYNAMIC DRAG COEFFICIENT 

Pim ecaitamrecdUGtleneresultsmmm tie determination of 
Mite derOdynamle drag eoetficient, Cd, and is accomplished 
meetetie third program entitled “ABRO’. At this point, 
coastdown testing and rolling resistance testing have been 
Sempleted and the constants "a", “a, "b", and ''b" have been 
Obtained from the POW program, based on the data obtained 
Pmeeigetestine. Only the HP-4sCV calculator is required for 
miral data reduction. ihe following input data are 
Gequired: 


a. density lbm/£t> 


Bema tscos LLY Toe seeye te 
€. vehicle frontal area Ft¢ 
Seeeeconseadnces 4 Valdeebp. et rom, Cc Dr 


Erepeenstants a wands bo "from Box 
fies tlow diagram for AERO is shown in Figure 19. The 
Muepram, upon execution, prompts the user for the above 
information and then calculates values for aerodynamic drag, 
melocity, drag coefficient, and Reynold's number for speeds 
Peeonming at 65 miles per hour and ending at 0 miles per 
fomr using 5 miles per hour intervals. A sample output is 
Beeruced in the Appendix. A listing of actual program steps 
feet complete program description and list of storage 


Meesioters utilzed can also be found in the Appendix. 
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INPUT GENS iia 


INPU FR ON Tes en oe 


INPUT. Vise @ Sige 


INPUT CONS 7 a= Gen 


[INPUT CONS) b--ce mr | 


INPUT CONS woe x 








USING CO™ 
eAoue Ame 
TOTAL ORAG= 
_D(SPEED) 











PRINT VECO CLEY 





CALCULATE AND 
PRINT Cad 






CALCULATE AND 


PRINT Re 





COUNTER =O 


PigilGe sh. 
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Final Data Reduction Flow Diagram 


PROGRAM EXECUTION 

With the "AERO" program stored in calculator memory, 
execute "AERO" on the HP-41. The program will prompt the 
Pater Oneacisctty. Vicecosity, frontal area, and the constants 
from the individual tests. Frontal area may be measured 
@ecriea itrontal photograph of the vehicle taken with a long 
enough focal length lens to allow the camera to be at least 
men Car lengths from the vehicle. A planimeter should be 
used to determine actual frontal area using a reference 
meecdeinciuded in the photograph. Upon depression of "R/S" 
meter the final entry, the program will make all calculations 


aia produce a complete printout of the results. 
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Coastdown Program Listing 
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Sample Coastdown Data Output 
(Simulated data) 


a 


COAST DOWN TEST “SOFIWARE = ony 


The following is a list of the storage registers Mtilazeae 
U0 Seer een 

QO]. car tare {be 

OZ. “carco Welon te Ghos ) 

OS (total welch te 4 ft) see) 

04 air temperature Ca 

O05 “barometric pressures i inne) 

O06 reference speed in Hz 

07 andirect storage (recisters 26420907 eee) 
08 “<imdirect: 5 torace 27,29 7) ones 

O09 indirect storage {resisters 10, hij? 
10 totalvdrecwiibs) 

s 


206 regency 


| 


A description of the coastdown test program, step-by sep 


2/ voltage 
5 


follows: 

Ol lacvels»yprovranwas pe 

02 SF 21 printer enable flag-enables  HP- 410) a uaem 
IMGetedce 


03 CLRG clears all stordgemreousr em 


28 


ee = woe emunige OF Significant digits after decimal 


to be displayed 


Heo st@res #2051 Storage recister 07 


Me Uo sstores #2/ in storage register 08 


ieee stores f10 in storage register 09 


Saeco winteld Ss pecducmao” mikes pemehnourm, the corresponding 


Mmequency ana voltage are stored in registers 26 and 27, 


mowpeeceively. The total drag calculation is stored in 


meester Us At each speed decrement, the numerical value 


Sieeedch Of the storage registers will be increased by one, 


Mihemune COrresponding frequency, voltage, and total drag 


meered Apprepridately. Hewlett-Packard calls this indirect 


SeOrage. 


im, 12 


ffo- 15 


eo 4 1 


Pio miriMemels  tsSecGOrcdam recister 00; this will be 
Mien er Of datampomnts able te be stored 
and operated on. 

ipoieeregham Cxe©cutlon, prompts user foredecrement, 
were momeles ener nour Or LO°miles per hour 

[It aeewas Cnteredson the previous prompt, the value 
eevee is SeOred Im register 50; if a “V0™was 
eiieomcdemune Vale S04. 204385is stored in register 56; 
Leip mocleouMcinemy Iloumade, the program ignores it 
Picnic nonpmummusSe! £Or desired decrement. 
PUOmMMesmUscurTOr Car tare in pounds and stores in 


igo ei ste we Ol 


oo 


42-44 


45-49 


So 


BO o7, 


58 


59 ,60 


61 


62 


prompts user for cargo Weight in pounds amamessem 
Im regis terse 

adds car tare to cargo weight and stores in register 
03 

prompts user for air temperatures tmecc mea 
fahrenheit and StOres sire Pocresye 

prompts uSer for barometric pressure im ermemes 
mercury and Ste@res sin regimes re tats 

stores the frequency equivalent of 60 mph in regisiem 
O10 a Ces OU oe orem e 

Iinterialy labe i] eaeenenr 

recalls search frequency from storage and testsmee 
determine zero equivalency. If Search frequenc: 
equals zero, then all data points have been obtained 
and the HP-4GV preceeds with data reduet ten-aes 
Search speed does not equal zero, ene spre aad 
continues 

if the search speed equals zero, the program is 
commanded to go to internal label 03 and proceed 
PRON enierc 

if the search speed does not equal zero, the program 
proceeds from this step; the frequency (speed) in 
register 06 is @éntered into the y)-r1regi= 1 pee 


Chew ae ey 


60 


64-66 


67 


68 


oe, 7 U 


71 


a> 74 


793 


76-80 


81 


2,85 


84,86 


Si 


Eo 1 


Bo 3 


iicewriiawladapehe nor LOODIne pDuaposes 

HP-41CV accesses channel 3 of the data acquisition 
(imei whdees tie CUrTent frequency in the 

Poce ers cercOn the waP-41CV 

determines whether the accessed frequency is less 
than or equal to the desired frequency 

Give ceomprocTdimuecm Ll Uleim accessed frequency 1S 
less than or equal to the desired frequency 

places current speed increment in Hz back into 

VO eee issc (eng 

Creer mmnroctam tO LBin 05 to renew search for 
designated speed 

[Tcineomeenec dnd Drints frequency 

Mito cOLacc Of arequency Into register indicated 
Pea oto er 07 

foo weegessecsectinreni acceleration information and 
Peas 1c 

Ti@@irc@umowonrice OLedceceletation into register 
MIiGheaeedmspy resister O06 

i meMemess speed by Lrequency input in steps 16-37 
Pieremcme’s Storage register indirectly 

eu er moron tomkbl UZ to begin Search for next 
Sce Gmcace remen t 

Digimess DAL A END 


prints current time (HRS.MIN) 
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94-96 prints current date (HIONIN, DAY, view 

97-100 stores #26 and #27 in storage registers 07 sac 
respeGervcl, 

100-120 prints all data input in steps lo )0o027" anew 

i Int Cia eer abem 

122-148 recalls from memory , dn pairoyeeite =) onee 

corresponding to the speed, converts them (to tomem 

drag and miles per hour, réspectively, ands maa 
them. The program will do the caleullations @.oie 
maximum of 15 pairs. Zeroes will be printed when 
the information from memory 15 exhawsted 

One then executes the POW program found in the LIN Curves 

program from the Math PAC module. Using the CDI pringems 

as reference, input the values of total drae and yelogma, 

for Y and X, respectively. Continue doing this Une vie 

drag-velocity pairs have been entered. The POW procransiag 

yield numerical values for two constants called ayaa 

These constants appear in the curve-£1t tormulagorn fog) 


drag versus speed: 


Y (drag, pounds) = a X (speed (emilee s een hour)? 
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Typical Rolling Resistance Data Output 
(simulated data) 


64 


i 


Pew iGmneots TANCE TES! SOFTWARE (BOX) 


rem Ollenano "ismamlist O01 the storage registers utilized: 


00 
ont 


WZ 


04 
O5 
06 
7 
08 
ve 


10 


70 


Couneer 

car tare (lbs) 

fancouwerght (lbs) 

feoear ips) = (52.2 ae) 
air temperature ae 
barometric pressure (inches Hg) 
tow tare 

iG It celta s tOrace 

mGkweet Storage 

midigeet Storage 

indirect storage 


mOolling drag ibs 


frequency (speed) 
Volktaece  |acceleration) 


voltage (towing force) 


Pee ocription Of the rolling resistance test program, 


mece-Dy-step, follows: 


eed |. 


labels program as BOX 


G5 


02 


A reel 


ESeaU 


24-50 


SiS 


SF 21 printer enable flag-enables HP -41@V7 jigmigeese 
interface 

CIRG clears all storage recisten- 

FIX 6 sets number of Significant dig meee 
decimal to 


be displayed 


stores #20 1n Storage @peot ee mer 


Stores #27 in StOrage Teors Gc. 


stores #28 in StOrage recloucums 


stores #11 in st@rpacve rer lore ee 


stores #15 in storage register 00 eembe iced 


asi eCOUnGer decrement 

prompts user for car tare 1n pOUlds@and = Gore. 
he ces vet 01 

prompts user for tow tare and stores 

Ie i Cree See Tomah Z 

prompts user for Cargo weight and ~sto1recuam 
recister 02 

adds cargo weight to car taré, divides cil seem 
by 32.174 and stores result Miipeoi ee ee 
Drompts user alr temperavumess °F and stores in 
Pees ter 04 


prompts user for barometric pressure in sige oe 


and StOres In eG Note wees 
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(ot etemprclimimdry data has been entered and stored. 
There is no initial speed search as in coastdown testing. 
(ieee precnam will aequire and record a frequency and two 
meres ponadine VOltases and Store them in registers 26, 27, 
Mi@ecnerespectively.) ine total rolling drag calculation 
Beoworcdsim register 10. After each data trio 1s acquired 
Bums vOread.,. tie numerical value of the four storage 
registers will be increased by one, and successive readings 
stored in a similar manner. The HP-IL system continues to 
feqtre Leaadimes until a frequency of zero 1s sensed. 
o/ iieemialelaipelmused as reference 
feet) WP-4) accesses Channel 5 of the acquisition unit and 
PldgGesme Mer GUrrent frequency Im its ’-register 
4] determine whether accessed speed is equal to zero 
42 Petes cdopecd Ioecaqmals tO Zero, program is 
ii CMcdmromonGmadeasscarch and begin data 
Leaucelom 
45,44 if accessed speed is not equal to zero, it is 
StOred imdirectly in storage register indicated 
ere ctcter 0/Fand printed 
feo HP-41CVY accesses channels 5 and 4, picks off the 
voltages present, prints them, and stores them 
MiCiuccwl, Matec hem =stOrage registers indicated by 


iogeo to hom Uomiidmua, Tespectivyely . 


67 


Sd 7 


58 


So 


OURS 


64-68 


69-74 


(5794 


a 


Oi Oe. 9 


98,99 


100-106 


Oy rd 


increments, by 3, the storage resistenset mca: ome 
indicated by registers 07, Uae 

HP-41 again accesses frequency and begins prunes 
and storage of another data trio 

internal label statement-program 1S direectcdma ems 
when a frequency of zero is Sensed 

tone is sounded indicating end of data acquisition 
and DATA END is printed 

current date and time are primeed 

storage registers 07, 08, and 09 are again Stigma 
with the numbers 26, 27, and 28) respecceiun, 

all inputs at beginning of program are recalled 
from memory and printed 

internal reference label-indicates bepinimanamem 
data reduction subroutine 

recalls (W/o) and stores an ewes wom 

recalls acceleration data from ind@irectystena 

in register 08 and multiplies it by (W/g) 

recalls drag force data from indi eet stonao seas 
register 09, (subtracts tow tare; §divideoma, 
pound/volt calibration constant) and =adde um 
tovthe cCotalvin seepe ono 

prints rolling drag and stores iN@ijeo1 ams 


indirectly indicated >), Wjecrs -cnmeee 
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MePwelse bcedielceirequenmcy data indirectly stored in 


PoOrTeerminciedced Dy U7 and places it in the 


ieee liSaac 1 


io, lI muitiplies the frequency by the proper conversion 


mieror tOuaecld miles per hour 


memories prints yelocity in miles per hour 


mErelcceeimeremencs the storage register indirectly stored 


merece lstercs muy Uc, and U9 by three 


meweco  inerements the storage register indirectly stored 


iiencouster el aby one 


25 decrements number of iterations by one 


126 tooiriomeo lapel 04 to begin data reduction on the 


Mec untOmot: Stored data points 


i= 150 when 15 sets of data have been reduced, the 


Pectnamme Meeps  Stonalling end of data reduction 


and prints PROGRAM END 


Mmewtnen executes the POW program found in 


the LIN curve-fit 


Peoeram £rom the Math PAC module. Using the BOX printout 


memaata (Figure 16), the values of rolling 
Memecity are input for the values of Y and 
Smee all the drag-velocity terms have been 


program will yield numerical values of two 


drag and 
eres Meck rVel vy. 
entered, the POW 


Comstants , 


a and b which appear in the following curve-fit formula: 


y = ax? 


Mimese Constants will be used in final data 


Ow 


mecduction. 
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DRAG COEFFICTENT DETERMINATION 


The following is a list of storage repgisterseger Weoae 


00 
Ol 


02 


04 
OS 
06 
Q7 
08 
09 


10 


ree 


2 


COUN G ex 

density (1bm/ft>) 

Pom eae a () 

VIS COS uy (1b£-sect/ft*) 

CDT scons tania 

COTS cons tant. 

BO... cons tanec ma 

BOM constant. D 

Starting speed 

Lotaldrac based lon) given @s peca 
aerodynamic drag based on subtraction of rolling drag 
from total drag 

Speed it) See) 


Proud lkiarea (ft) 


A description of the aerodynamic drags coefficient progiaime 


Step-by-step, follows: 


vl 


O5 


internal Jabel AERO 

ean les primer 

clearsall storage reps tems 

instructs calculator to start at 14 and decree 
by One after each 1 ten amuen 


stores counter in@recto meme 


—~] 
tO 


06-08 


00a 2S 


4 oaeg 


55 geo 


46-45 


a 3 / 


Bo © | 


PeOMpesSmuor density in lbm/ft” and stores in 


register 01 


PaeMocs for rrOnkal area in eee takes square root, 


itm eOres Im hearster UZ 
PRoMmpcs FOreviSCOsilty in 

by 32,174, and stores in 

pmonmpese1 Or COL Constant 

PuCipeorEOracUl Cons tant 

Daempes stor BOA Cons tant 

eeOmpess tOr BOA, constant 

meoreswimitcial speed of 6 
register 08 


internal label reference 


i 
Moir osce, tras multiplies 


me Cris wc taamols 


a 


b 


a 


Db 
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and stores in register 04 
CideomOmes stieresister 05 
HiducuCmesominemecorster 06 
Ailes uGpecmirercerster 0 7 


miles per hour in 


C2palavesmrolling dras using the rormula below and 


Seomcomine reo ster OO: 


Rolling Drag = 


a (mph)? 


CrlemeaGese total drag using the formula below, 


SUMseearc rOllitonanrag, and Stores result in 


reel auee Ie 


TO Ca ea — 


Prinitowse RO DRAG 


permes VELOCITY (arn 


a (mph)? 


10-16 


19-39 


oS 0 


calculates aerodynamic drags cCOG€£fi Creme sts eee 
following formula: 


(AERO DRAG) (32.2) 


cae 
(.5) (density) (mph * 1.47) ° (PRON Tne 


Drie Uses 
calculates Reynold's number using) them citowame 
ie Wi) eae 


ae = (density) (mph * 1.47) (FRONTAL AREA) 
(VISCOS Firs) 


prints Re 

decrements speed by 5 miles per hour 

checks for counter equal to zero; 1f nNotwequ eeeee 
zero, decrement counter by one and return to label 
O01 for another set of calculations using aneerer 
Speed 


end sound tone and print PROGRAM END 
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